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Many cases of early-onset inherited Alzheimer’s disease (AD) are caused by mutations in the prese-
nilin-1 (PS1) gene. Expression of PS1 mutations in cell culture systems and in primary neurons from
transgenic mice increases their vulnerability to cell death. Interestingly, enhanced vulnerability to cell
death has also been demonstrated for peripheral lymphocytes from AD patients. We now report that
lymphocytes from PS1 mutant transgenic mice show a similar hypersensitivity to cell death as do
peripheral cells from AD patients and several cell culture systems expressing PS1 mutations. The cell
death-enhancing action of mutant PS1 was associated with increased production of reactive oxygen
species and altered calcium regulation, but not with changes of mitochondrial cytochrome c. Our
study further emphasizes the pathogenic role of mutant PS1 and may provide the fundamental basis
for new efforts to close the gap between studies using neuronal cell lines transfected with mutant PS1,
neurons from transgenic animals, and peripheral cells from AD patients. © 2001 Academic Press
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INTRODUCTION
Alzheimer’s disease (AD) is the leading cause of
age-related dementia. Certain familial forms of AD
(FAD) are characterized by an autosomal-dominant
inheritance pattern and an extremely early age of on-
set. The majority of them have been linked to missense
mutations in the PS1 gene (Sherrington et al., 1995;
Czech et al., 2000). The precise mechanism by which
PS1 mutations lead to neurodegeneration in AD re-
mains still to be identiﬁed, but seem to be associated
with altered proteolytic processing of amyloid precur-
sor protein (APP) and enhanced production of the
amyloidogenic form of b-amyloid (Ab)1 – 4 2
(Scheuner et al., 1996; Citron et al., 1997). Recent ﬁnd-
ings indicate that the expression of mutant PS1 (PS1
L286V) in PC12 cells or the PS1 exon 9 deletion in
neuroblastoma cells sensitizes cells to apoptosis (Guo
et al., 1997; Tanii et al., 2000). In addition, cultures of
primary hippocampal neurons from PS1 mutant
knock-in mice (PS1 M146KI) show increased vulnera-
bility to cell death, increased oxidative stress, and
mitochondrial dysfunction (Guo et al., 1999b). A recent
study further reported that PS1 mutations increase
calcium release in transfected cell lines or cortical neu-
rons from PS1 M146KI mice (Chan et al., 2000). In
addition, lymphocyte cell lines, e.g., the human Jurkat
T-cell line, transfected with mutant PS1 (Passer et al.,
1999) and lymphocytes from FAD patients bearing
PS1 mutations (Parshad et al., 1996) show similar re-
sults in regard to increased vulnerability to DNA
damage ﬁnally leading to accelerated cell death. More-
over, enhanced vulnerability to cell death and per-
turbed calcium homeostasis have also been described
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et al., 1996; Eckert et al., 1997a, 1998, 2000; Gasparini et
al., 1998).
In order to close the gap between studies using
neuronal cell lines transfected with PS1 mutations,
neurons from mutant PS1 transgenic animals and pe-
ripheral cells of AD patients, we investigated lympho-
cytes from mice transgenic for FAD-speciﬁc PS1 mu-
tations. We chose to study T lymphocytes in the
present study, since they have been used in most of
the human studies and have been well characterized
in cell death signalling with respect to a number of cell
death stimuli, e.g., oxidative stress or dexamethasone
(Migliorati et al., 1994; Dumont et al., 1999).
Furthermore, we included three different types of
transgenic mice expressing either a human wild-type
PS1 transgene (PS1 wt Tg) or a PS1 transgene bearing
a single pathogenic mutation at codon M146 (PS1
M146L Tg) or multiple FAD-speciﬁc mutations
M146L 1 H163R 1 A246E 1 L286V 1 C410Y (PS1 M5
Tg) (Leutner et al., 2000), since the combination of
different PS1 mutations shows additive effects on Ab
1–42 production (Citron et al., 1998). As already
shown by others (Holcomb et al., 1998; Chui et al.,
1999), transgenic mice expressing mutant PS1 show an
elevation in Ab 1–42, but they do not develop amyloid
deposits up to an age of 13 months or older, although
neurodegeneration appears to be accelerated (Chui et
al., 1999). However, in brains from PS1 M146L and PS1
M5 Tg mice antioxidant defense enzymes were found
to be already reduced at an age of 3 months (Leutner
et al., 2000).
In our attempt to search for common alterations as
seen in neuronal cell culture and peripheral cells from
AD patients, we investigated the vulnerability to cell
death, the generation of reactive oxygen species
(ROS), and the regulation of intracellular calcium in
freshly isolated lymphocytes from all three transgenic
animals. Since evidence was provided that neuronal
cells from PS1 M146KI mice are more vulnerable to
cell death exhibiting features of either apoptosis (Guo
et al., 1999b) or necrosis (Guo et al., 1999a) and that the
two types of cell death can occur simultaneously in
cells exposed to the same stimulus (Nicotera et al.,
1999), we tested for both, cell death of apoptotic as
well as necrotic nature.
Very recently, a molecular link between PS1/2 and
the apoptotic pathway has been found (Passer et al.,
1999). PS1 seems to interact with Bcl-XL or Bcl-2, both
antiapoptotic proteins of the Bcl-2 family, which can
modulate the apoptotic cascade by targeting regula-
tory proteins to intracellular membranes (Alberici et
al., 1999; Passer et al., 1999). Furthermore, evidence has
been provided that mutations in PS2 can induce mi-
tochondria-dependent cytochrome c release and Bax-
mediated apoptosis in transfected cell lines. To test the
hypothesis that mutant PS1 can act on mitochondria in
a similar way, we isolated mitochondria from the PS1
M5 Tg mice and performed cytochrome c release ex-
periments.
METHODS
Generation and characterization of transgenic mice.
Generation and expression analysis of transgenic mice
was described in detail previously (Leutner et al.,
2000). In brief, the coding regions of human wild-type
PS1 (PS1 wt) or PS1 containing either one (PS1 M146L)
or ﬁve distinct FAD mutations (M146L, H163R,
A246E, L286V, C410Y) (Sherrington et al., 1995) in one
expression construct (PS1 M5) were introduced into a
genomic construct with the promotor of the murine
3-hydroxy-3-methyl-glutaryl CoA reductase gene
(HMG-CR) that shows a strong and ubiquitous ex-
pression pattern in peripheral tissues and in the brain
(Gautier et al., 1989; Czech et al., 1998). Western blot-
ting analysis of the different transgenic mouse lines
revealed a clear expression of human PS1 in brain and
peripheral tissues from transgenic animals. A human-
speciﬁc antibody (MAB1563, Chemicon) was used for
the detection of full-length PS1 and N-terminal frag-
ments (Czech et al., 1998; Leutner et al., 2000).
Heterozygote transgenic (PS1 wt Tg, n 5 11; PS1
M146L Tg, n 5 10; PS1 M5 Tg, n 5 7) and nontrans-
genic (non-Tg, n 5 10) mice were littermates or sub-
sequent generation siblings. Animals were handled
according to the French guidelines for animal care.
Cells. Lymphocytes were prepared from freshly
isolated spleens. The spleens were suspended in ice
cold RPMI-1640 buffer (Dutch Modiﬁcation, Life Tech-
nologies), homogenized and passed through a mesh
(10-mm diameter). After washing the cell suspension
several times and lysing erythrocytes in hypotonic
buffer for 3 min, T cells were negatively isolated by
binding B cells to magnetic B-cell antibodies (Dyna-
beads Mouse Pan B, Dynal). The latter were then
magnetically removed from the cell suspension ac-
cording to the manufacturer’s protocol. The obtained
T cell fraction (.85% CD3-positive T cells determined
by ﬂow cytometry) was then resuspended at 5 3 10
5
cells/ml in complete medium (RPMI-1640 supple-
mented with 10% heat-inactivated fetal bovine serum,
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Induction of cell death. Cells were investigated di-
rectly to determine basal parameters (0 h values) or
transferred to 48-well plates, and then incubated (hu-
midiﬁed atmosphere at 37°C and 5% CO2) for 2.5 or
24 h with cell death-inducing agents to induce cell death
or incubated without additional treatment to study
spontaneous in vitro cell death. Cell death was induced
by different stimuli: 2-deoxy-d-ribose (d-Rib, 10 mM),
H2O2 (10 mM), and dexamethasone (dex, 0.1 mM).
Visualization of DNA ladder formation. Cells were
resuspended in buffer (5 mM Tris–Cl, pH 7.4, 20 mM
EDTA, 0.5% Triton X-100), and left on ice for 20 min
followed by centrifugation at 27,000g for 20 min. The
supernatant was extracted with phenol-chloroform
and nucleic acids were precipitated with ethanol. Af-
ter the pellet was resuspended in 1% RNase without
DNase (Roche Diagnostic) then incubated at 37°C for
1 h, the samples were separated by 2% agarose gel
electrophoresis. DNA was visualized with ethidium
bromide.
Detection of apoptotic cells by ﬂow cytometry. For an-
alyzing the sub-G1 DNA content, lymphocytes were
harvested by centrifugation at the indicated time
points and the pellets resuspended in lysis buffer
(0.1% sodium citrate and 0.1% Triton X-100) contain-
ing 50 mg/ml of propidium iodide (all Sigma, Munich,
Germany). Samples were stored at 4°C for 1–2 hours
before ﬂow cytometry analysis (FACSCalibur, Becton
Dickinson) using Cell Quest software. Hypodiploid
cells (percentage apoptotic cells) were quantitated in
each sample, according to the method of Nicoletti et al.
(1991), using the appropriate instrument settings that
exclude cellular and necrotic debris. With ﬂow cytom-
etry 10,000 nuclei per measurement were analyzed,
which provides very valid quantitative data.
Detection of nucleosomes in cell lysates and cell culture
supernatants. Histone-associated DNA fragments
were detected with an immunoassay demonstrating
the internucleosomal degradation of genomic DNA
during apoptosis. The assay is based on the quantita-
tive sandwich-enzyme-immunoassay principle using
mouse monoclonal antibodies directed against DNA
and histones, respectively. This allows the speciﬁc
determination of mono- and oligonucleosomes. Cyto-
plasmic fractions (lysates) and cell culture superna-
tants (5 3 10
4 cells/200 ml) were collected at different
incubation times (0 h, 24 h), frozen at 280°C, then
analyzed in the ELISA (correspond to 5 3 10
3 cell
equivalents). Following the protocol for cytochemistry
of the Cell Death Detection ELISA
PLUS (Roche, Ger-
many) nucleosomes were photometrically visualized
at 405 nm against blank (reference wavelength 492
nm). Absorption values (calculated for 5 3 10
3 cells) of
each ELISA were standardized to the positive controls
(Positive Control 5 1.0). The time-dependent detec-
tion of cytoplasmic histone-associated DNA fragments
(mono- and oligonucleosomes) conﬁrms the ﬁndings
by ﬂow cytometry (Eckert et al., 2000). The assay in-
vestigating both cytoplasmic fractions (lysates) and
cell-culture-supernatants offers the advantage of dis-
criminating between apoptotic and necrotic cell death.
Low molecular weight DNA which is built during
apoptosis is found only within the cell. As apoptosis
proceeds in vitro, however, cells develop secondary in
vitro necrosis which is characterized among other
things by cell lysis and the appearance of DNA frag-
ments in the supernatant (Watt et al., 1994; Eckert et al.,
2000).
ROS detection. The production of reactive oxygen
species (ROS) was detected by ﬂow cytometry using
Dihydrorhodamine 123 (DHR, Molecular Probes).
Cells were suspended in 1 ml HBSS and DHR was
added at a ﬁnal concentration of 10 mM and incubated
for 15 min at 37°C in a shaking water bath. DHR enters
mitochondria and ﬂuoresces when oxidized by ROS,
particularly peroxynitrite, to the positively charged
rhodamine 123 derivate. The mean ﬂuorescence inten-
sity (MFI) in FL1 (FL1: channel 1 for green ﬂuores-
cence) was calculated by determining the mean chan-
nel number (MCN) of the peak. This MCN value was
converted to a linear value for comparative purposes
by calculating the antilog of x 5 sample mean chan-
nel/(total number of channels/number of log de-
cades) 5 sample mean channel/(1024/4) 5 sample
mean channel/256.
Isolation of mitochondria and detection of cytochrome c.
Isolation of mitochondria was performed according to
the methods of Eskes et al. (1998) with slight modiﬁ-
cations (Goping et al., 1998). Brieﬂy, the liver was
homogenized with a Potter–Elvehjem homogenizer in
mitochondrial buffer (Mannitol 210 mM, Sucrose 70
mM, Hepes, 10 mM, EDTA 1 mM and dithiothreitol
0.5 mM, pH 7.5) containing 0.45% BSA and protease
inhibitors (Complete, Roche, Germany). The resulting
homogenate was centrifuged twice for 3 min at 1400g
and then the supernatant was centrifuged for 5 min at
10,000g. The pellet was resuspended in mitochondrial
buffer and centrifuged again at 1400g. The superna-
tant was now centrifuged at 10,000g and the pellet
resuspended. This mitochondrial fraction was stimu-
lated for 20 h at 30°C with Bax 1 mm or vehicle. Equal
amounts of mitochondrial pellets and supernatant
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trophoresis and analyzed by Western blotting. The
primary antibody was a 1:300 dilution of a mouse
monoclonal antibody against cytochrome c (clone
7H8.2C12, PharMingen, Hamburg, Germany). West-
ern blots were performed with horseradish peroxi-
dase-conjugated anti-mouse IgG using chemilumines-
cence Western blotting reagents (Amersham Pharma-
cia Biotech, Buckinghamshire, UK).
ELISA immunoassay for cytochrome c was per-
formed with the commercially available kit Quan-
tikine M from R&D Systems (Wiesbaden-Norden-
stadt, Germany) following the manufacturer’s instruc-
tions. This assay is able to detect mouse cytochrome c
in subcellular fractions and in supernatants after re-
lease from isolated mitochondria. Detected levels of
cytochrome c were expressed as ng cytochrome c/mg
protein.
Calcium measurement. Fura-2 ﬂuorescence of T-cell
suspensions was measured using the SLM-Aminco
Luminescence Spectrometer as previously described
(Eckert et al., 1997a). Cells were loaded with 3 mM Fura
2-AM (Molecular Probes) for 30–40 min. After incu-
bation, cells were washed several times with HBSS
buffer (Sigma) to remove external dye. The ratio of the
ﬂuorescence emission (510 nm) using two different
excitation wavelengths (340 and 380 nm) was used to
determine [Ca
21]i using the formula: [Ca
21]i 5 Kd
[(R 2 Rmin)/(Rmax 2 R)](F0/Fs). The mitogen phytohe-
magglutinin (PHA-P, Sigma) at a ﬁnal concentration
of 15 mg/ml was used to stimulate Ca
21 signalling of
T lymphocytes. Ca
21 responses to PHA are expressed
as D [Ca
21]i, which is the maximal increase in [Ca
21]i
over baseline.
Statistics. Data are given as mean 6 SEM. For sta-
tistical comparison, Student’s t test, one- or two-way
ANOVA followed by Tukey’s post hoc test were used.
P Values smaller than 0.05 were considered to be
statistically signiﬁcant.
RESULTS
We evaluated apoptotic cell death in lymphocytes
by ﬂow cytometry analysis using instrument settings
that are speciﬁc for the detection of apoptotic DNA
fragments. We determined the accumulation of apop-
totic cells under basal conditions (Fig. 1b, left panel) or
after 2.5 and 24 h in the absence or presence of cell
death triggering agents (Fig. 1b, center and right
panel). To induce cell death we used various stimuli,
which are known to trigger apoptosis in lymphocytes:
dexamethasone (dex) (Migliorati et al., 1994), hydro-
gen peroxide (H2O2) (Dumont et al., 1999), and 2-de-
FIG. 1. Apoptotic cell death pattern in lymphocytes from mice. (a) DNA ladder formation (left margin, size) is detectable after incubation of
lymphocytes for 24 h (lane 1, spontaneous in vitro apoptosis; lane 2, dexamethasone-induced DNA ladder; lane 3, d-Rib-induced DNA ladder)
in contrast to freshly isolated cells (lane 4, control cells, 0 h). Data are from a typical experiment replicated three times with lymphocytes from
different groups. (b) Apoptotic cell death was assessed by propidium iodide staining and ﬂow cytometry. DNA histograms of lymphocytes
indicate basal levels of apoptotic cells (left) or after treatment with d-Rib for 2.5 h (center) and 24 h (right), respectively. Upper panel shows
histograms from non-Tg control mice (Co), lower panel from PS1 M5 Tg mice (M5). Values represent the portion of apoptotic cells (sub-G1
peak). DNA histograms represent a typical experiment with cells from one animal. The group differences of the corresponding experiments
are presented in Figs. 2a and 3.
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induces oxidative stress and apoptosis in lymphocytes
by depletion of the intracellular pool of reduced glu-
tathione (Kletsas et al., 1998). Already after 2.5 h ex-
posure to d-Rib, an increase of apoptotic cell death
was detectable in lymphocytes from individuals of
several groups (Fig. 1b, center), which was further
enhanced after treatment for 24 h (Fig. 1b, right panel).
A similar cell death pattern was also observed for
spontaneous in vitro apoptosis (without additional
treatment) and after stimulation with dex or H2O2
(data not shown). To further conﬁrm the apoptotic
nature of cell death, DNA laddering of nuclear frag-
mentation was assessed in lymphocytes from individ-
uals of several mouse lines. Figure 1a shows a repre-
sentative experiment.
In ﬂow cytometry analysis, freshly isolated lympho-
cytes from mice expressing mutant PS1 (PS1 M146L
and PS1 M5) showed signiﬁcantly enhanced basal lev-
els of apoptotic cells compared to T cells from PS1 wt
Tg and nontransgenic (non-Tg) littermate controls
(Fig. 2a). These ﬁndings could be conﬁrmed in an
additional assay detecting cytosolic nucleosomes built
during apoptotic cell death (Fig. 2b). Thereby, cells
from PS1 mutant Tg mice exhibited a two- to threefold
increase in apoptotic features (Figs. 2a and 2b). To
elucidate the postulated relationship between PS1 mu-
tations and oxidative stress, we additionally deter-
mined basal ROS levels in lymphocytes from PS1 Tg
and non-Tg mice. We could demonstrate that basal
levels of ROS in lymphocytes were signiﬁcantly in-
creased in mice with multiple mutations (Fig. 2c).
These results are not unexpected, since as already
mentioned the combination of different PS1 mutations
enhances Ab 1–42 production, which can further lead
to free radical generation and oxidative stress.
Next, we studied DNA fragmentation in vitro after
2.5 h incubation. Lymphocytes from PS1 M5 Tg mice
showed signiﬁcantly enhanced vulnerability to spon-
taneous in vitro apoptosis and after exposure to dex or
oxidative stress (d-Rib, H2O2) for 2.5 h when com-
pared with that of T cells from PS1 wt Tg and non-Tg
control mice, whereas the vulnerability of the single
mutation PS1 M146L was not markedly increased (Fig.
3). In none of the conditions investigated, lymphocytes
from PS1 wt Tg mice were signiﬁcantly different from
non-Tg littermate control mice. The difference in vul-
nerability of T cells from PS1 M5 Tg mice to apoptotic
cell death was still salient 24 h after exposure to cell
death-inducing agents (Fig. 4). Again, multiple muta-
tions in PS1 showed much more apoptotic cells than
cells from PS1 wt Tg and control mice did (Fig. 4,
white bars). In contrast to the results showing the
rapid DNA fragmentation after 2.5 h (Fig. 3), apoptotic
nucleosomes in T cells from PS1 M146L Tg mice also
tended to be elevated after 24 h, but less extensively
FIG. 2. Basal levels of apoptotic DNA fragmentation and ROS levels are elevated in mice with PS1 mutations. T cells from non-Tg control
mice are not signiﬁcantly different from PS1 wt Tg mice. Data represent mean values and SEM from 6–10 experiments, each representing an
individual animal. (a) Apoptotic cell death was assessed by propidium iodide staining and ﬂow cytometry. Lymphocytes from PS1 M146L Tg
and PS1 M5 Tg mice show considerable elevations of basal levels of apoptotic cells compared to freshly isolated T cells from non-Tg control
and PS1 wt Tg mice (P , 0.01, ANOVA): *P , 0.05, **P , 0.01 vs control;
1P , 0.05 vs PS1 wt Tg. (b) Levels of apoptotic nucleosomes
quantitated by CDD ELISA
PLUS. Apoptotic nucleosomes (indicated by absorption values referring to 5 3 10
3 cells per well performed in
triplicates) are elevated in lymphocytes from PS1 M5 Tg mice (P # 0.05, ANOVA): *P , 0.05 vs non-Tg control, **P 5 0.01 vs PS1 wt Tg mice.
(c) There are signiﬁcantly more ROS in T cells from PS1 M5 Tg mice (P , 0.01, ANOVA): *P , 0.05 vs PS1 wt Tg; **P , 0.01 vs non-Tg control.
ROS levels were evaluated by ﬂow cytometry using dihydrorhodamine 123 (DHR) staining.
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cantly when compared to PS1 wt Tg mice (P 5 0.06,
for spontaneous and H2O2-induced apoptosis) or
non-Tg littermates (Fig. 4, white bars).
Furthermore, we determined whether changes in
the susceptibility to necrotic cell death also take place
in lymphocytes from PS1 mutant mice. Therefore, we
evaluated nucleosomes in the supernatants of the in
vitro cultures of lymphocytes (Fig. 4). Examination of
in vitro necrosis showed signiﬁcantly enhanced sus-
ceptibility of lymphocytes from both PS1 M146L and
PS1 M5 Tg mice in contrast to PS1 wt Tg mice (Fig. 4,
black bars). Again, cell death in PS1 M5 Tg lympho-
cytes was higher than in T cells bearing a single PS1
mutation suggesting that the combination of several
FAD-related mutations strengthens the effects of PS1
on cell death regulation. No differences were found
between PS1 wt Tg and non-Tg control mice for this
paradigm.
To determine whether mitochondrial dysfunction is
involved in mechanisms leading to increased suscep-
tibility to cell death in PS1 Tg mice due to FAD-
speciﬁc mutations, we isolated mitochondrial frac-
tions from liver tissue and assayed these for the pres-
ence of cytochrome c (Fig. 5). No signiﬁcant
differences in the basal levels of intramitochondrial
cytochrome c (Fig. 5a) or of released cytochrome c
(Fig. 5b) were found between PS1 M5 Tg mice, which
show the highest vulnerability to apoptosis, and con-
trol mice. In addition, cytochrome c release following
stimulation of isolated mitochondria with Bax was not
different between the mice groups (Figs. 5a and 5b).
Regardless of whether PS1 can act at the level of the
mitochondria or not, our results demonstrate that PS1
mutations have negligible effects on cytochrome c re-
lease in mitochondria from young adult PS1 Tg mice.
We next investigated the intracellular calcium reg-
ulation in T cells from transgenic animals. Measure-
ment of basal [Ca
21]i in T lymphocytes from mice
revealed no differences among the groups (Fig. 6a).
However, after stimulation with the mitogen phyto-
hemagglutinin (PHA) the elevation in [Ca
21]i (D Ca
21
increase) was markedly increased in T cells from PS1
M5 Tg mice compared to that from PS1 wt Tg and
non-Tg control mice (Fig. 6b). Once the calcium peak
was reached, it also remained considerably increased
in mutant PS1 M5 carrying T cells (data not shown),
possibly representing a calcium overloading process
in PS1 mutant cells. In lymphocytes, the PHA-induced
course of Ca
21 increase is dominated by Ca
21 inﬂux,
which is activated by initial Ca
21 release from the ER
(Zweifach & Lewis, 1993). Interestingly, the coupling
between these events appears to be markedly im-
paired in lymphocytes bearing mutant PS1 from both
PS1 M146L Tg and PS1 M5 Tg mice, since the time
interval to reach the maximum calcium peak concen-
tration following PHA stimulation (tmax) was signiﬁ-
cantly increased (Fig. 6c). Again, the combination of
PS1 mutations in PS1 M5 Tg mice shows additive
effects on the latency of the calcium peak. These
changes were signiﬁcantly different from the much
faster calcium responses in lymphocytes from PS1 wt
Tg mice and littermate controls (Fig. 6c).
FIG. 3. Lymphocytes from transgenic mice bearing multiple PS1
mutations already show elevated apoptotic vulnerability to cell
death after 2.5 h incubation compared to cells from non-Tg control
and PS1 wt Tg mice. Flow cytometry was used to determine per-
centage apoptotic cells. Data represent mean values and SEM from
7–11 experiments, each representing an individual animal. (a) Spon-
taneous in vitro apoptosis (P , 0.001, ANOVA): *P , 0.05 vs PS1
M146L Tg; **P , 0.01 vs non-Tg control and PS1 wt Tg. (b) Dexa-
methasone-induced apoptosis (Dex, 0.1 mM; P , 0.001, ANOVA);
*P , 0.05 vs non-Tg littermate control and PS1 M146L Tg; **P , 0.01
vs PS1 wt Tg. (c) 2-Deoxy-d-ribose-induced apoptotic cell death
(d-Rib, 10 mM; P , 0.001, ANOVA); **P , 0.01 vs PS1 wt Tg and
PS1 M146L Tg; ***P , 0.001 vs non-Tg littermate control. (d) H2O2-
induced apoptotic cell death (10 mM; P , 0.001, ANOVA); *P , 0.05
vs PS1 M146L Tg; ***P , 0.001 vs non-Tg littermate control and PS1
wt Tg.
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Oxidative stress, mitochondrial function, and intra-
cellular calcium regulation are early and important
contributors to either apoptotic or necrotic cell death.
In our present study we investigated mechanisms of
oxidative stress and oxidative stress-induced cell
death in lymphocytes of young adult transgenic mice
carrying either a single or multiple human Alzheimer-
linked PS1 mutations. Consistent with the rationale
that different PS1 mutations within the same molecule
cause more dysfunction and higher Ab 1–42 levels
than one alone (Citron et al., 1998), we found a stron-
ger accumulation of ROS in lymphocytes from mice
carrying multiple PS1 mutations (PS1 M5 Tg). These
results are in accordance with ﬁndings showing re-
duced activities of cytosolic superoxide dismutase and
glutathione reductase in the brain of the same trans-
FIG. 4. Lymphocytes from transgenic mice bearing single or multiple PS1 mutations have increased vulnerability to necrotic cell death after
24 h incubation. Again, cells from PS1 M5 Tg mice show greater apoptosis after 24 h than do cells from non-Tg littermate control and PS1 wt
Tg mice. Low molecular weight fragmented DNA was detected in cytoplasmic fractions and cell-culture-supernatants after 24 h. Data represent
mean values and SEM from 7–11 experiments, each representing an individual animal. For all conditions (a–d) two-way ANOVA revealed
signiﬁcant differences between mice groups and cell death pattern: P , 0.001. (a) Spontaneous in vitro cell death (apoptosis: *P , 0.05 vs PS1
M146L Tg; **P , 0.01 vs non-Tg control; ***P , 0.001 vs PS1 wt Tg; necrosis:
1P , 0.05 vs PS1 wt Tg;
111P , 0.001 vs all). (b)
Dexamethasone-induced cell death (Dex, 0.1 mM; apoptosis: ***P , 0.001 vs all; necrosis:
111P , 0.001 vs all). (c) 2-Deoxy-d-ribose-induced cell
death (d-Rib, 10 mM; apoptosis: **P , 0.01 vs PS1 M146L Tg; ***P , 0.001 vs non-Tg control and PS1 wt Tg; necrosis: *P , 0.05 vs non-Tg
control;
1P , 0.05,
11P , 0.01 vs PS1 wt Tg). (d) H2O2-induced cell death (10 mM; apoptosis: ***P , 0.001 vs all; necrosis:
1P , 0.05 vs PS1
wt Tg,
111P , 0.001 vs all).
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lymphoblasts of FAD patients with mutant PS1 indi-
cating altered levels of reduced glutathione (Cecchi et
al., 1999). They are further consistent with ﬁndings
demonstrating increased vulnerability of PS1 M146KI
hippocampal neurons to lipid peroxidation after ex-
posure to Ab (Guo et al., 1999b). Our results addition-
ally indicate that comparable disturbances in ROS me-
tabolism due to PS1 mutations can be detected not
only in brain but also in peripheral cells such as lym-
phocytes. Furthermore, lymphocytes from mutant PS1
Tg mice showed an increased susceptibility to cell
death compared to T cells from PS1 wt Tg mice or
non-Tg littermate controls. Already basal levels of
apoptotic cells were elevated in PS1 mutant mice.
However, spontaneous or activation-induced in vitro
apoptosis was extremely increased in lymphocytes
from PS1 M5 Tg mice, but not in PS1 M146L Tg mice.
In contrast, necrotic-type cell death was elevated in
both PS1 M146L and PS1 M5 Tg mice. These ﬁndings
suggest that PS1 may enhance vulnerability to both
types of cell death. Mainly the severity of insult, cel-
lular homeostasis, and preexisting damage may deter-
mine the pattern of cell death to be either more
apoptotic or more necrotic in nature. This is also con-
sistent with ﬁndings showing that PS1 mutations on
the one hand sensitizes PC12 cells, neuroblastoma
cells, or primary neurons from PS1 M146KI mice to
apoptosis (Guo et al., 1997, 1999b; Tanii et al., 2000) and
on the other hand make hippocampal cells from PS1
M146KI mice more vulnerable to necrotic insults (Guo
et al., 1999a). Very interestingly, some evidence is pro-
vided that a similarly increased vulnerability to oxi-
dative stress-induced DNA damage is present in lym-
phocytes from FAD patients bearing PS1 mutations
(Parshad et al., 1996). Additional experiments, e.g.,
assessing caspase-3 activation, might be needed to
clarify whether cell death as observed in lymphocytes
from PS1 transgenic animals or from FAD patients
belongs to the apoptotic or necrotic pathway.
Growing evidence is provided that mutant PS1 sen-
sitizes cells to apoptosis induced by different stimuli.
Whether this is solely due to an increased production
of neurotoxic Ab 1–42 by mutant PS1 or whether
additional mechanisms are involved, is not known.
Very recent ﬁndings demonstrate that the PS2 muta-
FIG. 5. Mitochondrial cytochrome c (Cyt C) and Bax-induced (bax) cytochrome c release from isolated mitochondria does not differ among
control and PS1 mutant mice. Mitochondrial fractions and supernatants were run on a 18% SDS–PAGE gel and assayed for the appearance of
Cyt C by Western blot analysis with an anti-cytochrome c antibody (upper panel). Cytochrome c is detected at a molecular weight of ;15 kDa.
In addition, mouse cytochrome c was quantitatively evaluated by ELISA immunoassay in subcellular fractions and in supernatants (lower
panel). Data represent mean values and SEM from seven or eight experiments, each representing an individual animal. (a) Basal levels of
cytochrome c and after stimulation with Bax are similar within mitochondria from non-Tg control and PS1 M5 Tg mice. (b) Release of
cytochrome c from mitochondria after stimulation with Bax is not different between non-Tg control and PS1 M5 Tg mice.
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activity of cells (Wolozin et al., 1996; Janicki & Mon-
teiro, 1997), induced cytochrome c release from mito-
chondria in transfected human kidney 293 cells (Pas-
ser et al., 1999). Therefore, in the present study, we
asked whether mutant PS1 may act in a similar way on
mitochondria through an increased release of cyto-
chrome c. Our experiments did not show changed
basal cytochrome c levels within mitochondria of
young adult mice transgenic for mutant PS1 as it has
been demonstrated for mutant PS2 N141I in trans-
fected cells. On the one hand, it is possible that FAD-
related PS1 mutations exacerbate the cell suicide pro-
gram by mechanisms different from that of mutant
PS2. On the other hand, an association between PS1
and Bcl-2 (Alberici et al., 1999) or Bcl-XL, another
antiapoptotic member of the Bcl-2 family (Passer et al.,
1999), has been found. Therefore, redistribution of
cytochrome c, one of the best known downstream
activators of the apoptotic cascade, could be one of the
crucial events inﬂuenced by PS1/Bcl-2 interaction.
However, the molecular mechanisms by which FAD
PS mutations enhance apoptotic activity in this context
are not known. One can speculate that mutant PS1
may generate molecules with proapoptotic activity or
may negatively regulate the antiapoptotic effects of
Bcl-2 family members, possibly by indirectly regulat-
ing the activity of Bax, ﬁnally leading to enhanced
cytochrome c release in response to an apoptotic sig-
nal (Guo et al., 1997; Passer et al., 1999). Since our
experiments show that basal cytochrome c within the
mitochondrial membrane is unchanged in PS1 mutant
mice, it seems possible that mutant PS1 exerts its cell
death-enhancing effect on mitochondria mainly in re-
sponse to an apoptotic stimulus. This idea is further
supported by our ﬁndings that T cells from PS1 M5 Tg
mice exhibit very high levels of apoptosis after induc-
tion of cell death, e.g., with hydrogen peroxide, com-
pared to basal apoptosis without stimulus. Therefore,
we investigated in our current study the Bax-induced
cytochrome c release from isolated mitochondria.
Again, no differences in cytochrome c levels after re-
lease from mitochondria were found between PS1 M5
Tg and non-Tg control mice. Thus, we suggest that a
defective in vivo interaction between mutant PS1 and
Bcl-2 rather than a disruption of cytochrome c regula-
tion in general may underlie the FAD-related patho-
physiology. Findings from Alberici et al. (1999), which
demonstrated a direct cross-talk between these two
molecules during apoptosis, are compatible with this
view. How FAD-related PS1 mutants ﬁnally exert
their effects at this level needs further characteriza-
tion.
Furthermore, the regulation of intracellular calcium,
which represents an early event in proliferation and
cell death, was altered in lymphocytes bearing PS1
mutations. In accordance, Ab peptide and substances
that act via calcium release from the ER (thapsigargin)
lead to large intracellular calcium increases in PC12
cells expressing mutant PS1 (PS1 L286V) (Guo et al.,
1997). To stimulate Ca
21 increase in lymphocytes we
used the mitogen PHA that binds to the CD3-receptor
FIG. 6. Calcium signalling is disturbed in lymphocytes from PS1 mutant mice. Intracellular calcium concentration ([Ca
21]i) was detected with
the ﬂuorescent dye fura-2. Data represent mean values and SEM from 6–10 experiments, each representing an individual animal. (a) Basal
calcium levels are not different in non-Tg control and PS1 Tg mice. (b) Increase in calcium (D [Ca
21]i: response over baseline) after stimulation
with PHA is signiﬁcantly enhanced in lymphocytes from mice bearing multiple PS1 mutations (P , 0.001, ANOVA): ***P , 0.01 vs all. (c)
Lymphocytes from mice with a single or multiple PS1 mutations exhibit a delayed calcium response to PHA. Time to reach maximum calcium
peak after stimulation is signiﬁcantly greater in PS1 M146L and PS1 M5 Tg mice, respectively (P , 0.001, ANOVA): **P , 0.01 vs non-Tg
control; *P , 0.05 and ***P , 0.001 vs PS1 wt Tg mice.
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partially mediated by the IP3-dependent calcium re-
lease from intracellular stores, whereas the subsequent
plateau phase is dominated by calcium inﬂux from the
extracellular space through voltage independent cal-
cium channels (Zweifach & Lewis, 1993; Eckert et al.,
1997a). In addition to an increased Ca
21 response to
PHA, a marked delay of the calcium peak after mito-
genic stimulation of T lymphocytes carrying single or
multiple mutant PS1 could be observed. PS1 is mainly
localized in ER membranes, where it colocalizes with
ryanodine receptors (Chan et al., 2000), and it is very
likely that the presenilins in conjunction with calseni-
lin have a major function in regulating ER calcium
levels (Buxbaum et al., 1998). On this basis, one may
speculate that PS1 mutations could also alter the func-
tion of calcium channels, including store-operated cal-
cium channels, since there is a close interaction of the
ER and these channels. Findings from Barrow et al.
(2000), which demonstrated an abnormal, late, and
very slow increase in calcium evoked by depolariza-
tion in hippocampal neurons from mutant PS1 M146L
transgenic mice, are further compatible with this view.
Interestingly, enhanced vulnerability to cell death is
also an important factor of sporadic AD, which makes
up the majority of the patients (.90%). While histo-
logical studies in postmortem brain tissue indicate
enhanced features of apoptotic cell death such as DNA
fragmentation (Li et al., 1997; Cotman, 1998; Masliah et
al., 1998; Stadelmann et al., 1999), evidences for an
enhanced cellular vulnerability to apoptosis mainly
originates from studies using lymphocytes from spo-
radic AD patients (Parshad et al., 1996; Eckert et al.,
1998; Mecocci et al., 1998). Very importantly, our
present ﬁndings in lymphocytes from PS1 mutant
transgenic mice mirror very well comparable ﬁndings
in lymphocytes from AD patients (Parshad et al., 1996;
Eckert et al., 1998). Apoptosis under baseline condi-
tions and after oxidative stress was signiﬁcantly more
pronounced in AD patients not only compared to
aged nondemented controls but also compared to pa-
tients with vascular dementia (Eckert et al., 2000). Fur-
thermore, the time delay of the calcium peak in PS1
mutant T cells matches our and others observations on
lymphocytes of AD patients (Bondy et al., 1996; Eckert
et al., 1997a). Again, this change was not seen in vas-
cular dementia cases (Eckert et al., 1997b). An in-
creased IP3-mediated calcium release was identiﬁed
in peripheral cells from sporadic as well as from FAD
cases with PS1 mutations (Ito et al., 1994; Etcheberri-
garay et al., 1998; Bhagavan et al., 1998). Since all of
these speciﬁc alterations can be picked up in lympho-
cytes from sporadic AD patients or from FAD patients
as well as from transgenic mice carrying FAD-speciﬁc
mutations, it seems possible that enhanced cellular
vulnerability to cell death, disturbed calcium regula-
tion, and enhanced oxidative stress represent a com-
mon pathological pathway for sporadic and familial
AD caused by mutations in PS1.
In summary, our ﬁndings indicate that disturbances
in the metabolism of ROS inside cells, abnormal cal-
cium homeostasis, and increased susceptibility to cell
death may contribute to the pathogenic mechanisms
of PS1 mutations in vivo. This study further demon-
strates that it is possible to bridge the gap between
research using transgenic animal models or cell cul-
ture systems and studies using tissue from AD pa-
tients.
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